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For fractionation of intact proteins by molecular weight (MW), a sharply improved two-
dimensional (2D) separation is presented to drive reproducible and robust fractionation before
top-down mass spectrometry of complex mixtures. The “GELFrEE” (i.e., gel-eluted liquid
fraction entrapment electrophoresis) approach is implemented by use of Tris-glycine and
Tris-tricine gel systems applied to human cytosolic and nuclear extracts from HeLa S3 cells, to
achieve a MW-based fractionation of proteins from 5 to100 kDa in 1 h. For top-down tandem
mass spectroscopy (MS/MS) of the low-mass proteome (5–25 kDa), between 5 and 8
gel-elution (GE) fractions are sampled by nanocapillary-LC-MS/MS with 12 or 14.5 tesla
Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometers. Single injections give
about 40 detectable proteins, about half of which yield automated ProSight identifications.
Reproducibility metrics of the system are presented, along with comparative analysis of protein
targets in mitotic versus asynchronous cells. We forward this basic 2D approach to facilitate wider
implementation of top-down mass spectrometry and a variety of other protein separation
and/or characterization approaches. (J Am Soc Mass Spectrom 2009, 20, 2183–2191) © 2009
American Society for Mass SpectrometryTop-down mass spectrometry (MS) in which intactproteins are directly ionized and fragmented inthe gas phase allows extensive characterization of
the primary structure of a protein and provides the
potential to characterize a variety of biological events
that produce mass differences between mature proteins
and the predicted products of their corresponding
genes. Because top-down MS was initially used for
characterizing single protein targets [1–3], steadily ex-
panding efforts to extend the approach to complex
proteome analysis have been hampered by the classic
“front-end” problem of sample handling before MS.
Effective fractionation of undigested proteome samples
is critical to reduce sample complexity and obtain
higher proteome coverage in top-down proteomics.
Although two-dimensional polyacrylamide gel electro-
phoresis (2D-PAGE) provides high peak capacity, no
robust combination of 2D-PAGE with intact protein
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doi:10.1016/j.jasms.2009.08.001analysis by electrospray ionization (ESI)-MS has yet
been reported. Thus, solution-phase separations have
been the predominant option before top-down mass
spectrometry. Proteome separations based on protein
charge, such as ion-exchange, capillary isoelectric focus-
ing (IEF), or chromatofocusing in conjunction with
reversed-phase liquid chromatography (RPLC), have
been demonstrated [4–7]. One-dimensional IEF or
RPLC in capillaries has been coupled to ESI–Fourier
transform (FT) MS for protein profiling [8–10]. Several
years ago, our laboratory used gel-elution (GE) electro-
phoresis on a preparative scale [11, 12] and we extend
those studies here based partly on the work of Tran and
Doucette [13].
In this study, we report an intact protein separation
scheme based on molecular weight (MW) known as
gel-eluted liquid fraction entrapment electrophoresis
(GELFrEE) [13], referred to as GE here, as our first-
dimensional protein fractionation. This molecular-
weight-based separation involves continuous elution
SDS-PAGE in a tube format, in which proteins are
constantly eluted from the gel column and collected in
the solution phase (i.e., free of the gel), providing broad
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ibility, and recovery. This GE technique generally pro-
vides rapid partitioning of a proteome into about 20
samples containing proteins in discrete mass ranges
from 10 kDa to 200 kDa in 1 h. In our present study,
5–8 GE fractions containing up to 25-kDa proteins of
human HeLa cell lysate were analyzed repeatedly by
nanocapillary-RPLC online with 12 or 14.5 T LTQ-
FT-MS for tandem mass spectrometry (MS/MS) on a
chromatographic timescale. Using nuclear and cytosolic
extracts from human cells in culture, we demonstrate all
of the basic aspects of a prototypical workflow extend-
able to a proteomic scale, including comparative mea-
surements of asynchronous and mitotic cells. Because a
protein’s mass predicts the fraction in which it will
elute, this general approach should be applicable to a
wide variety of problems in protein chemistry in both
targeted and proteomic modes of operation.
Experimental
Preparation of Cytosolic and Nuclear Extracts
HeLa S3 cells obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) were grown in
suspension in Joklik’s modified minimal essential me-
dium supplemented with 10% newborn calf serum
(NCS) and 100 U penicillin and streptomycin per mL.
Upon reaching a density of 3  105 cells/mL, cells were
then harvested by centrifugation at 200 g and washed
twice with cold Tris-buffered saline (TBS). HeLa-S3 cell
pellets consisting of 108–109 cells were resuspended
with NIB-250 [15 mM Tris-HCl, pH 7.5, 60 mM KCl, 15
mM NaCl, 5 mM MgCl2, 1 mM CaCl2, 250 mM sucrose,
1 mM dithiothreitol, 10 mM sodium butyrate, 0.5 mM
4-(2-aminoethyl)benzenesulfonyl fluoride hydrochlo-
ride, 50 nM microcystin plus 0.3% NP-40 at a 10:1
(vol/vol) ratio], and incubated on ice for 5 min. Nuclei
and cytosol were separated by centrifugation at 600  g
for 5 min and nuclei were twice rinsed with NIB-250
without NP-40. To generate histone-depleted nuclei,
500 L of NIB-250 plus 0.1% Rapigest (a gift from
Waters, Milford, MA, USA) was added to the nuclear
pellet and gently mixed. The mixture was incubated on
ice for 5 min and then centrifuged at 14,000  g for 10
min at 4 °C. Protein concentrations were determined
by use of the bicinchoninic acid (BCA, Rockford, IL,
USA) method. Samples were reduced with 700 mM
-mercaptoethanol in SDS loading buffer and alky-
lated with iodoacetamide at an 80:1 M ratio at 25 °C in
darkness for 60 min. M-phase arrested samples were
prepared by adding 1 M colchicine to growing asyn-
chronous cultures 3  105 cells/mL at 18 h before
collection and were processed as described earlier.
GE Devices and Operating Conditions
A single-column GE device was fabricated similar to a
device previously constructed [13]. For the reproduc-ibility experiments, a multiplexed GE device was used
[14]. The buffer systems were Tris-glycine (0.192 M
glycine, 0.025 M Tris, 0.1% SDS) or Tris-tricine (0.1 M
tricine, 0.1 M Tris, 0.1% SDS; Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Tube gels with Tris-glycine and
Tris-tricine media [15, 16] were cast to 15% T for the
resolving and 4% T for the stacking gels. Approxi-
mately 100 L of sample was loaded onto a GE
column and 16 GE fractions with a volume of 150 L
each were collected over 1 h after elution of the dye
front. Operation of the device has been described
previously [13].
Analytical SDS-PAGE Slab Gels
SDS-PAGE slab gel visualization of the collected GE
fractions was used to assess separation. Ten L (6.7% of
the total collected volume) of each fraction were loaded
along with 5 L loading buffer onto a 15% T resolving
slab gel. A standard protein ladder was loaded into one
well of each slab gel. Gels were silver-stained and
scanned with a traditional scanner [17].
Liquid Chromatography–Tandem
Mass Spectrometry
GE fractions containing proteins from 5 to 25 kDa were
cleaned to remove SDS as previously described [18].
Protein pellets were resuspended with 40 L of LC
buffer A (95% H2O, 5% acetonitrile, 0.2% formic acid),
with protein recovery from the solubilization of the
protein pellets at roughly 50%. Ten L of the sample
was injected onto a 2-cm, 150-m i.d. C4 or PLRP-S trap
column (New Objective, Inc., Woburn, MA, USA). Sam-
ples were then washed onto a 10-cm, 75-m i.d. C4 or
PLRP-S analytical column (New Objective) with either a
short or long gradient flowing at 300 nL/min from an
Eksigent 1D Plus system (Eksigent, Dublin, CA, USA).
The short gradient started at 95% buffer A and 5%
buffer B (5% H2O, 95% acetonitrile, 0.2% formic acid)
and continued to 20% B in 10 min, 60% B in 45 min, and
95% B in 10 min. The long gradient started at 5% buffer
B and continued to 30% B in 10 min, 40% B in 60 min,
60% B in 20 min, and 95% B in 15 min.
Samples were analyzed with either a commercial 12
T or modified 14.5 T LTQ-FT-Ultra mass spectrometer
(Thermo Fisher Scientific, San Jose, CA, USA). Both
instruments were calibrated with a standard Thermo
calibration mixture consisting of caffeine, the peptide
MRFA, and Ultramark. Parameters for the 12 T LTQ-
FT-Ultra were a data-dependent top 2 MS/MS acquisi-
tion strategy with m/z 10 isolation window, 8 mi-
croscans at 180 K resolving power (m/m50%, in which
m50% is mass spectral peak full width at half-maxi-
mum peak height) in the MS scan event (m/z 500–2000
scan range), and 8 microscans at 90 K resolving power
in the MS/MS scan events (scan ranges from one third
of the precursor m/z to m/z 2000). Dynamic exclusion
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duration of 5000 s, and a repeat duration of 240 s.
Secondary ion accumulation with the 14.5 T LTQ-
FT-MS has been described previously [19]. Parameters
for the 14.5 T LTQ-FT-MS were as follows: data-depen-
dent top 3 MS/MS acquisition strategy with m/z 14
isolation window, 4 cycles from the LTQ to the wired
octopole [20], 2 microscans at 200 K resolving power in
the MS scan event (m/z 500–2000 scan range), 10 cycles
of secondary ion accumulation, followed by a single
scan at 200 K resolving power in the MS/MS scan event
(scan ranges from one third of the precursor m/z to m/z
1800). Dynamic exclusion was enabled with a repeat
count of 2, an exclusion duration of 400 s, and a repeat
duration of 60 s.
Data Analysis
Each GE-LC-MS/MS file was analyzed by use of
ProSightPC 2.0 (Thermo Fisher Scientific). First, intact
precursor and fragment masses were determined and
compiled into a human-readable .xml file called a .puf
file (ProSight Upload Format). The .puf file was then
searched against a shotgun annotated [21] human pro-
teome database containing known post-translational
modifications (PTMs), coding single nucleotide poly-
morphisms (cSNPs), and alternative splice forms via an
iterative search tree method. The first absolute mass
search used a 100-Da precursor window and 10 parts
per million (ppm) fragment mass tolerances. For initial
searches that did not identify a protein below an
E-value cutoff of 104, a second absolute mass search
took place with a 10,000-Da precursor window. The two
search modes were used for computational efficiency of
searching on ProSightPC 2.0. The 100-Da window al-
lowed the expeditious identification of proteins with
modifications in a small mass range such as cSNPs and
unknown PTMs, whereas the 10,000-Da window iden-
tified proteins with modifications in a large mass range,
including multiple unknown PTMs and alternative
splicing [22]. The second part of the search tree also
used “Delta M mode,” a feature that applies the mass
difference between the experimental and candidate
mass to all the fragment ions such that they match a
mass shift not known a priori within 10 ppm. Protein
forms with borderline E-values (103 or higher) were
either searched further or examined manually to im-
prove identification confidence.
Custom Software and Computer Programming
Software for intact mass determination from an LC-MS
file has been described previously [23]. Files were
processed with Online Automation cRAWler to deter-
mine masses detected from GE-LC-MS injections and
intact masses from technical triplicate injections. Heat
maps were generated by a Microsoft Windows XP
application written in the C# programming language by
use of the Microsoft .NET 2.0 Framework and devel-oped in the Microsoft Visual Studio 2005 environment.
The MLApp.dll was used to integrate MATLAB 7.0
(The MathWorks, Natick, MA, USA) into the applica-
tion. A new computer program, Proteome Display, was
devised for visualization of nano-LC-MS/MS data, al-
lowing detailed viewing of individual protein forms in
individual fractions. The protein forms from each frac-
tion were retrieved from the corresponding Automa-
tion Warehouse (SQL database populated by Online
Automation cRAWler) [23]. The m/z of the protein form
was used to extract its selected ion chromatogram (SIC).
An SIC shows the temporal change in abundance of
ions for a specified mass range during chromatography,
with each GE fraction represented by an x/y plot of
retention time versus intact mass and a heat map with
color scaled according to ion relative abundance.
Results and Discussion
GE Buffer Systems
The GE device is capable of high-resolution separation
of intact proteins, with a typical GE run displayed in the
inset of the overall workflow shown in Figure 1 (top
right). Here, we see a Tris-glycine separation of the 5- to
25-kDa portion of the proteome into roughly five frac-
tions. Tris-tricine was also used and achieved slightly
higher resolution in the 5- to 40-kDa size regime, even
with a 2-fold greater protein load (see Supplemental
Figure S1, which can be found in the electronic version
of this article). Comparing analogous fractions from
Tris-glycine and Tris-tricine GE runs revealed that, on
average, the number of protein masses detected shrunk
from about 50 to 40. Below roughly 25 kDa, Tris-tricine
produces about eight useful fractions, whereas Tris-
glycine produces five or six (Supplemental Figure S1).
As a result, Tris-tricine provides samples with a greater
focus on proteins in the 25-kDa mass range versus
that of Tris-glycine, but requires more nanocapillary
RPLC injections to analyze this portion of the proteome.
There are differences in the two buffer systems as MW
increases (as can be seen in the figures); however, the
detection and identification metrics at high MW for
each buffer system have not been extensively analyzed.
Other SDS-PAGE buffer systems, such Tris-acetate, are
suitable for work at high mass. As the upper mass limit
of reliable top-down proteomics by use of GE-LC-
MS/MS identification increases, such buffer systems
will become practical.
LC-MS/MS Performance
Favorable metrics for sample throughput and data
analysis are vital to the practicality of top-down pro-
teomics. Although the nature of our automated data
analysis is well established [21], critical assessment of
data acquisition in high-throughput mode is required.
Each GE fraction 25 kDa was subjected to nano-LC-
MS/MS. Each of the 4–8 GE fractions contained about
2186 LEE ET AL. J Am Soc Mass Spectrom 2009, 20, 2183–219110 g total protein per fraction before sample cleanup.
Figure 2 shows representative data and ProSight output
from an LC-MS/MS injection of fraction #3 of a Tris-
glycine GE run for HeLa nuclear extract with data
collection at 14.5 T. Figure 2a shows a base-peak chro-
matogram for this GE fraction, with representative MS
and MS/MS spectra (with identifications and E-values)
illustrated in Figure 2b and c, respectively. Highlighted
in Figure 2d is an N-terminal acetylated form of nucle-
oside diphosphate kinase B, identified with an E-value
of 1042. In total, 37 distinct protein forms were de-
tected in this run. There were 71 redundant (total)
protein identifications corresponding to 13 unique ac-
cession numbers. These data were typical for this study
and highlight one challenge of top-down mass spec-
trometry: the same protein form was repeatedly tar-
geted for fragmentation within a single injection. Thus,
a simple but significant improvement would be to
prevent the instrument from fragmenting different
charge states of the same protein, a need not fulfilled by
traditional m/z-based dynamic exclusion.
In Figure 2a, chromatographic peak widths (full
width at half-maximum, or FWHM) fell in the 15- to
45-s range. Such chromatography is favorable from a
separations perspective, but places a temporal con-
straint on MS/MS data acquisition. Although LTQ-
based peptide analysis can afford 60% MS/MS spec-
tra leading to no identification [24], each MS/MS scan
recorded at FT-MS resolution event is “more impor-
Figure 1. Workflow for top-down proteomi
cytosol is quantified and loaded onto a gel-e
protein samples according to molecular wei
solution-phase fractions, which can be visual
fractions are cleaned up to remove SDS before
column for tandem mass spectrometric (MS/M
LC-MS/MS files are processed with ProSigh
analysis in a high-throughput setting.tant,” given that relatively long data acquisition periodsfor FT-MS/MS result in roughly 3- to 5-fold fewer MS
and MS/MS datasets per unit time with current instru-
mentation. For top-down MS, high mass accuracy in
MS/MS is highly advantageous for precise character-
ization of PTMs, but is acquired at the expense of duty
cycle. The cycle time achieved during the top 2 or 3
data-dependent MS/MS acquisitions is roughly 4–5
cycles/min (2–6 s/scan). For that cycle time, each
abundant protein is targeted for fragmentation at least
once. Within any given elution peak, whole protein
charge-state distributions are observed (Figure 2b) rou-
tinely with isotopic resolution.
Another representative GE-LC-MS/MS injection for
12 T LTQ-FT-MS of GE fraction #5 can be seen in
Supplemental Figure S2, with 50 protein forms detected
and 25 of these identified and listed in Table 1. Further,
the metrics for data acquisition and protein identifica-
tion by use of ProSight were collected (Supplemental
Table S1). Approximately one quarter of the MS/MS
events led to an identification, with the proteins ranging
from 5 to 12.5 kDa and identified with a median E-value
of 1016.
Considering seven distinct GE-LC-MS/MS injections
from one GE run, 286 distinct protein forms were
detected, resulting in 225 redundant (total) protein
identifications, corresponding to identification of 35
unique protein accession numbers. The number of
identified protein forms per GE-LC-MS/MS injection
otal protein content from HeLa-S3 nuclei or
n (GE) column. The GE device separates the
MW). Proteins of increasing MW elute into
on a slab gel (top right). The solution-phase
tion onto a nano-liquid chromatography (LC)
nalysis with an LTQ-FT at either 12 or 14.5 T.
2.0, a software suite tailored for top-downcs. T
lutio
ght (
ized
injec
S) a
tPCvaried from 10 to 20 unique protein identifications (i.e.,
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plementation of the present GE-LC-MS/MS platform
enabled a significant increase in the average number of
protein identifications compared to the platforms pre-
viously reported by our laboratory [11, 12].
LC-MS Visualization
One way to evaluate protein masses detected with the
GE-LC-MS/MS platform is to simply plot the de-
tected masses as a function of LC elution time for
each GE fraction, which provides a visual metric of
GE-LC-MS platform performance. This type of graph-
ical comparison between slab gel visualization of
Figure 2. Examples selected from an LC-MS/M
(a) A base-peak chromatogram is shown, with (
times. (c) Abundant charge states (above the arro
mass spectra for each protein are shown along w
fragmentation map (d) results from the matchin
The protein is N-terminally acetylated.solution-phase GE fractions to masses observed in themass spectrometer is shown in Figure 3. In-house
software for intact mass determination was used for
the MW range from 3 to about 35 kDa, corresponding
to the first 9 GE fractions; in all, 453 distinct protein
masses were detected by ESI-FT-MS at 12 T across
these 9 fractions (data not shown). In general, the
intensity of regions on the silver-stained gel corre-
lates well to mass values detected by MS, as one
would expect. While serving as a validation of nano-
LC-MS/MS and sample handling after GE, the main
uses of LC-MS data visualization lie in assessing both
sample coverage for a single run and absolute
changes in signal magnitude between multiple GE runs
for different cell states (see following text), providing
ection of fraction #3 from a Tris-glycine GE run.
arge state distributions from selected retention
were targeted for fragmentation. Fragmentation
e corresponding identifications and E-values. A
gment ions of nucleoside diphosphate kinase B.S inj
b) ch
ws)
ith th
g frasufficient analytical precision.
Figur
, larg
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The reproducibility of a high-throughput proteomic
platform is critical for uncovering protein level dynam-
ics in complex systems. Beyond the standard uses for
technical or biological replicates in proteomics, top-
down proteomics projects in their early phases will
require repeat analyses in targeted mode for two main
reasons: to identify protein forms putatively related to
those already found or to fully characterize proteins
that are identified but need their modifications pre-
cisely localized. In either context, reproducibility has
special value in initial application of top-down pro-
teomics to a new proteome.
To assess reproducibility, analyses of GE runs and
nano-LC-MS were performed in technical triplicates.
For GE alone, reproducibility across six GE separations
was assessed via slab gels (see Supplemental Figure S3).
The six GE lanes were run simultaneously via a multi-
plexed GE device [14]. Most of the same protein bands
can be seen in precisely the same fraction on all six slab
gels. A key element in reproducible GE operation is the
casting of the stacking and resolving gels. The GE
system recently became commercially available, so pre-
Table 1. Proteins identified from a single GE-LC-MS/MS injecti
Protein description
Observed
mass
(Da)
Calculated
mass (Da)
M
diff
(p
Migration-inducing protein 12 4933.5 4933.5
40S ribosomal protein S30 6643.8 6643.8
Metallothionein-2 6932.6 7046.6 N
Small EDRK-rich factor 2 6953.6 6937.7 N
Coiled-coil domain-containing
protein 72
6972.9 6972.9 
40S ribosomal protein S28 7935.2 7935.2
60S ribosomal protein L38 8138.7 8138.7 
Oncogene DJ-1 (fragment) 8264.3 8264.3 
Ubiquitin (fragment) 8845.6 8845.6
GAPDH (fragment) 8855.6 8855.6
1-AGP acyltransferase 2
(fragment)
9252.9 9252.8
ATPase inhibitory factor 1
(fragment)
9510.9 9510.9
S100 calcium-binding protein A6 10,141.3 10,141.3
U6 snRNA-associated SM-like
protein LSm8
10,307.3 10,307.3
Dynein-associated protein Km23 10,825.7 10,825.7
Heat shock 10-kDa protein 10,835.7 10,835.8 
S100 calcium-binding protein A13 11,375.1 11,375.1
S100 calcium-binding protein A11 11,757.8 11,757.8
S100 calcium-binding protein A16 11,761.0 11,762.0
SUMO-1-specific protease 2
(fragment)
11,785.7 11,785.2
S100 calcium-binding protein A4 11,794.7 11,859.8 N
Thioredoxin 11,883.8 11,883.8 
Glutaredoxin-1 11,964.3 11,964.3
Phenylpyruvatetautomerase 12,508.2 12,508.2
MIF protein 12,538.3 12,551.2 N
aThe base peak chromatogram for this run is shown in Supplemental
bThe observed protein forms were not present in the database; thereforecast gels made in bulk should give higher reproducibil-ity than the self-cast gels used here. Excellent chromato-
graphic reproducibility for three injections of a 10- to
15-kDa GE fraction was also observed (Supplemental
Figure S4a). Highly reproducible charge-state distribu-
tions at the same retention time for each of the three
injections were also observed (Supplemental Figure
S4b). The reproducibility of charge state abundance can
be important for data-dependent MS/MS, although it is
perhaps expected given the same protein concentra-
tions and ESI conditions during each run. By use of our
in-house intact mass determination algorithm, a total of
54 masses overlapped in all three technical triplicate
injections (Supplemental Figure S4c). This is encourag-
ing for top-down proteomic analyses; however, further
reproducibility studies will be necessary to fully ana-
lyze the reproducibility of the GE-LC-MS/MS platform
when implemented on a proteomic scale.
Differences in Asynchronous and M-Phase
Arrested HeLa Cells
Initial implementation of this newly developed GE-LC-
MS/MS platform focused on the comparison of low-
ce
PTMs
Matching
fragments E-value
10  log
(E-value)
N-terminal acetylation 32 1  1036 360
27 4  1034 334
16 5  1019 183
N-terminal acetylation 9 1  106 60
N-terminal acetylation 13 3  1021 205
N-terminal acetylation 29 5  1046 453
8 4  108 74
8 3  1010 95
61 6  1096 952
13 9  1016 159
9 1  106 60
16 2  109 87
N-terminal acetylation 10 3  1010 95
N-terminal acetylation 44 2  1079 787
N-terminal acetylation 10 3  1013 125
N-terminal acetylation 79 3  10104 1035
N-terminal acetylation 22 2  1028 277
N-terminal acetylation 29 2  1017 167
N-terminal acetylation 21 2  1032 317
5 6  106 52
N-terminal acetylation 9 5  106 53
Methylation 11 1  1015 150
Methylation 15 6  1014 132
25 3  1034 335
8 1  105 50
e S2.
e mass discrepancies exist between the observed and calculated forms.ona
ass
eren
pm)
0.2
0.1
/Ab
/Ab
1.1
0.3
4.5
0.6
0.7
0.5
11.2
0.5
1.4
0.8
1.1
5.7
0.6
1.3
12.3
32.3
/Ab
0.5
1.0
1.3
/Abmass proteins from asynchronous and M-phase ar-
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have been previously characterized by use of top-down
mass spectrometry, with quantification of their mod-
ification stoichiometries [24–27]. Here, we highlight
specific examples of phosphorylation level changes
between asynchronous cells and those that were mitoti-
cally arrested. Figure 4 displays two proteins, stathmin
and 60S acidic ribosomal protein, for which phosphoryla-
tion peaks (80 Da) differentially increased or decreased
between the two cell states. Although the phosphoryla-
tion levels of stathmin largely increased in M-phase
arrest cells, those of 60S acidic ribosomal protein de-
creased during mitosis. Stathmin is an important regu-
latory protein of mitotic microtubule dynamics [28] and
the phosphorylation of stathmin is known to occur
during the G2/M transition [29]. Four phosphorylations
on serine residues of stathmin (Ser16, Ser25, Ser38, and
Ser63) are known to increase during M-phase progres-
sion; they promote dissociation of stathmin from micro-
tubules [28, 29]. Given that this protein is abundant,
oncogenic, and has been the subject of biochemical
studies for over two decades, the hierarchy (i.e., order)
of phospho-Ser site usage is putatively known; this
system deserves targeted testing by top-down MS/MS
but is beyond the scope of the current study. The
context for phosphorylation of the 60S acidic ribosomal
protein (ARP) is also known [30–31]. Although ARP is
known to participate in translational regulation by
interacting with eukaryotic translation elongation factor
2, phosphorylation of ARP can affect ribosomal activity
by increasing the affinity for the ribosome. Our current
Figure 3. Analytical slab gel and heat map
silver-stained slab gel (top) of solution-phase frac
system). After LC-MS of the GE fractions, the
function of LC retention time (bottom). The MS r
right; the inset illustrates the enlarged region of
seen between detected masses and abundances
detected on the slab gel.approach allows us to measure how the relative abun-dances of non-, singly-, and doubly-phosphorylated
forms of the protein change in asynchronous and mi-
totic cells. Direct measurement of modification stoichio-
metries in this fashion complements bottom-up MS and
antibody-based measurements to provide deeper in-
sight of understanding PTM dynamics.
Conclusion
For fractionation of intact proteins, the described GE
approach is robust and general. We expect a diversity of
separation approaches to be implemented with little
difficulty before implementation of the GE/nano-LC
system described here. Further, a variety of postsepa-
ration measurements can be made beyond or besides
top-down MS, including bottom-up MS/MS, Western
blotting, or manufacturing of protein arrays. For our
laboratory’s immediate interest, the extension of the
methods outlined here to higher mass proteins is a part
of a multifaceted approach to lower the main barrier to
top-down proteomics: proteome coverage. As the GE-
LC-MS/MS platform is proven extensible to other labs
and streamlined further, we believe that other instru-
ments such as Q-TOFs [32–34], LTQ-Orbitraps [35], or
even stand-alone ion traps [36–38] could be used for
low MW proteome analysis based on our GE separa-
tion. We also hope that others will adopt top-down or
hybrid bottom-up/top-down approaches, both of
which can benefit substantially from MW-based sepa-
wing masses detected in GE fractions. The
shows typical GE separation (Tris-tricine buffer
cted masses for each fraction are plotted as a
e abundance is designated with the scale on the
ap of GE fraction 6. General correlation can be
the MS and the intensities of protein bandssho
tions
dete
elativ
heat m
fromrations.
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